We calculate the local density of states of two prototypical topological insulators (Bi2Se3 and Bi2Te2Se) as a function of distance from the surface. We find that, even in the absence of disorder or doping, charge is not distributed homogeneously near the surface. There is a surface dipole of thickness ∼2 nm whose origin is the occupation of the topological surface states above the Dirac point. As a consequence, the conduction band bends upward by 50 meV near the surface and there is a hump-like feature in the valence band. We expect that band bending will occur in all pristine topological insulators as long as the Fermi level does not cross the Dirac point.
I. INTRODUCTION
Topological insulators (TIs) are materials that have metallic surface states protected by time reversal symmetry. For a review of TIs we refer the reader to Ref. 1 and references therein. Applications of TIs in electronic devices (such as photovoltaics) require the characterization of surface states after the TI is exposed to air [2] [3] [4] . Asgrown TIs tend to be good bulk conductors by the Mott criterion which is detrimental for isolating the surface conduction properties. Moreover, angle resolved photoemission spectroscopy (ARPES) indicates that the surface of TIs can be easily contaminated (and charged) upon exposure to air [2] [3] [4] . Charging of the surface could also manifests as a rigid energy shift of the Dirac point (DP), relative to the Fermi level, towards larger binding energies [2] [3] [4] [5] [6] [7] , suggesting that the bands bend near the surface, as result of the potential difference with respect to the bulk.
In these previous studies [2] [3] [4] [5] [6] , the TIs are both doped and disordered and hence differentiating the contribution to the band bending of these extrinsic effects from the intrinsic ones is challenging. Indeed, band bending of the Bi 2 Se 3 conduction band has been found to be either upward (∼75 meV) 3 or downward (∼100-300 meV) 2, 4, 5, 8 and it likely depends on the details of the sample preparation. Therefore, to differentiate between intrinsic and extrinsic contributions, in this work we study band bending in a pristine slab of topological insulator with no doping and no disorder. We use first principles density functional theory (DFT) to calculate the local density of states (LDOS) of a finite slab of prototypical topological insulators Bi 2 Se 3 and Bi 2 Te 2 Se. We use Wannier interpolation 9 method to obtain variations of the LDOS with a very fine energy resolution.
We find that the electron conduction bands in Bi 2 Se 3 and Bi 2 Te 2 Se bends upward by 50 meV within 2 nm below the surface, even without disorder or doping. We attribute this band bending to the occupation of topological surface states. The difference with respect to the experiment we attribute to the extrinsic effects such as surface contamination.
Macroscopic surface dipoles (SD) are electric double layers which naturally give rise to band bending. They are common, in fact expected, from the breaking of inversion symmetry at the surface. Indeed, the occupation of (non-topological) surface states in semiconductors usually give rise to a SD 10 . However, the SD we consider here is caused by the filling of topological SS and should therefore be generic to all TIs, and all surfaces, as long as Fermi level is not at the DP.
In Sec. II we compute the LDOS at the interior of Bi 2 Se 3 and Bi 2 Te 2 Se slabs. In Sec. III we discuss the origin of the surface dipole and we conclude in Sec. IV. The appendix A contains additional information about the calculation.
II. LOCAL DENSITY OF STATES
First we provide some details of our first-principles calculation of band bending in Bi 2 Se 3 and Bi 2 Te 2 Se slabs (more information is in the appendix A). In our calculations we used a periodic computational unit cell consisting of a slab of Bi 11 . We use density functional theory (DFT) within the generalized gradient approximation 12 to describe the exchange correlation potentials. We completely relax the structure of slabs, while keeping the in-plane lattice constant to that of bulk Bi 2 Se 3 or Bi 2 Te 2 Se. We compute the band bending in these slabs of TIs by first computing the LDOS across the entire slab and then observing its variation near the surface. To obtain the LDOS with a required energy resolution we use the Wannier interpolation 9 method. This method consists of first computing Kohn-Sham orbitals ψ nk and energies nk on a coarsely sampled Brillouin zone (we used uniform 9x9 mesh) for electronic bands of interest. We then use these orbitals to construct localized Wannier functions (m is orbital index and R is a lattice vector). Since the Hamiltonian is exponentially localized in this basis we can use that basis to interpolate electronic orbitals and energies on a very dense k-mesh (3000x3000) with a negligible additional computational cost. Finally, we obtain the local density of states from the histogram of the interpolated electronic energies nk ,
Here the sum over orbitals m i is done over all Wannier functions centered on atoms in i-th layer. Matrix element in the sum is independent of lattice vector R since the Bloch functions are cell-periodic. Therefore we can sum only over R = 0 for simplicity. Panels (a) and (b) in Fig. 1 show the band structure and the LDOS for our Bi 2 Se 3 slab calculation. From the band structure plot it is clear that the topological surface states reside in the bulk gap and that the Dirac point is at the Γ point. The Fermi level is computed to be about 100 meV above the Dirac point.
The LDOS (shown in Fig. 1b ) is projected at each of 45 atomic layers in our slab. The values of indices i = 1 and i = 45 correspond to two ends of Se terminated slab. The scale at the top of the figure indicates the approximate distance in nm from the left surface. We first note that there is a non-zero spectral weight near the surface extending roughly d ∼ 1 nm into the bulk from both ends which originates from the topological SS. Next, there is a gap of ∼ 350 meV in the bulk consistent with previous reports 14 . We see that the spectral weight intensity strongly varies across the slab (white dashed lines in Fig. 1 ). The conduction bands bend upward by ∼ 50 meV within 2 nm of the surface. On the other hand, the valence band has a hump-like feature near the surface consisting of a slight upward bending roughly 2 nm from the surface followed by a slight downward bend (∼ 20 meV) 1 nm from the surface.
We observe a very similar behavior in Bi 2 Te 2 Se (see Fig. 1c,d ). The bulk gap is somewhat smaller than in Bi 2 Se 3 (250 meV) while the band bending is nearly the same.
III. ORIGIN OF SURFACE DIPOLE
In this section we study the origin of the surface dipole (band bending) in Bi 2 Se 3 and Bi 2 Te 2 Se slabs. We will study both the effect of the spin-orbit interaction and population of the surface states.
A. Spin-obit interaction
Turning off the spin-orbit interaction in our calculation reduces topological insulators Bi 2 Se 3 and Bi 2 Te 2 Se to non-topological insulators, with no topological surface states. We expect that with no topological SS, the charge distribution across the slab (and thus surface dipole) near the surface will be affected. This is indeed what we find. Without spin-orbit interaction, conduction band is flat across the slab, and the hump-like feature in the valence band disappears. Only a slight downward band bending of the valence band persists in this case. Therefore, in our calculation which includes spin-orbit we assign the origin of the upward band bending of the conduction and the hump-like feature of the valence band to the presence of the topological surface states. We focus on the occupation of these states in more detail in the next subsection. 
FIG. 2.
The band structure (a,c) and the local density of states (b,d) of Bi2Se3 and Bi2Te2Se slabs with a non-thermal occupation of electronic states so that surface states above the Dirac point are not occupied (see text for more details). Band bending of the conduction band is negligible and the hump-like feature in the valence band is not present. All conventions are as in Fig. 1 .
B. Population of the surface states
While the presence of topological surface states is essential for band bending in pristine TI slabs, here we discuss the importance of their population. As discussed in Sec. II the DP of the Bi 2 Se 3 and Bi 2 Te 2 Se slabs is below the Fermi level, therefore the SS of those slabs are populated even above the DP. Since the whole slab is neutral, this excess charge on the surface must be compensated by a partial depopulation of some of the bulk-like states. Therefore we expect that this charge redistribution has a large effect on the band bending.
Indeed, Fig. 2 shows the band structure and the LDOS for Bi 2 Se 3 and Bi 2 Te 2 Se slab with surface states artificially occupied only up to the Dirac point (see red lines in Fig. 2 ). As can be seen from the figure, most of the band bending features disappear. The conduction band minimum is flat across the slab, and the hump feature in the valence band is not present. Only a small downward bending of the valence band near the surface can be seen in the figure. This situation is very similar to the one without spin-orbit interaction discussed in the earlier subsection.
As a consistency check we compare the surface charge density estimated in two ways. First, we calculate the phase space occupied by the SS from the DP up to the Fermi level in our thermalized calculation. This estimate gives us a surface charge density n 2D ∼ 0.7 × 10 13 cm −2 . Second, we estimate the surface charge density by modeling the region near the surface as an electric double layer separated by about L = 2 nm with opposite charges. One layer is negative due to the occupation of the SS and the other is positive from the depletion of electrons in the bulk-like region. Then, from Fig. 1b , the potential discontinuity at the surface is ∆V ∼ 50 meV and hence ∆V = D SS / (with ∼ 100 0 the permittivity of
L we find a surface density n 2D ∼ 1 × 10 13 cm −2 in good agreement with the first estimate, thus confirming that the occupation of SS above the DP is responsible for the observed band bending.
IV. CONCLUSION
We have shown that the free surface of pristine Bi 2 Se 3 and Bi 2 Te 2 Se with no doping or disorder has an intrinsic dipole at the surface. Experimentally, as-grown Bi 2 Se 3 and Bi 2 Te 2 Se TIs are doped and disordered and appear to be good bulk conductors 5, 6, [16] [17] [18] [19] [20] . As samples become cleaner 21 we predict an upward band bending, as long as the DP is below the Fermi level. We leave for future work the discussion of the case where Fermi level crosses the DP even in the thermalized calculation. Finally we note that the electric field of the SD can generate surface photovoltage by driving photo-generated electrons and holes near the surface in opposite directions 22 . This is important for possible TI photovoltaic applications. The maximum possible generated photovoltage 10 is ∼ ∆V = 50 meV. 
